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Abs t rac t  

Recent ly ,   op t ica l  Ramsey i n t e r f e r e n c e   f r i n g e s  
w i t h i n   t h e   s a t u r a t e d   a b s o r p t i o n   p r o f i l e   o f  a neon 
atomic beam were  demonstrat d u s i n g   t h r e e   s p a t i a l l y  
s e p a r a t e d   r a d i a t i o n   f i e l d s . '   B r i e f l y ,   t h i s  method 
u t i l i z e s   t h e   i n t e r f e r e n c e   w h i c h   a r i s e s   f r o m   t h e  
sequen t ia l   i n te rac t i ons   o f   t he   i nduced   d ipo le   o f  
the quantum  absorbers  wi th  the  separated  radiat ion 
zones in   o rde r   t o   ach ieve   l i ne   na r row ing .  The 
n a t u r a l   e x t e n s i o n   o f   t h i s   t e c h n i q u e   t o   l o n g   l i v e d  
atomic and molecular   absorbers  is   cons idered  o f  
impor tan t   va lue   no t   on ly   in   wave length  and  frequency 
me t ro logy   bu t   a l so   i n   h igh   reso lu t i on   op t i ca l   spec -  
troscopy. A prominent  candidate  which we have 
chosen t o  2 tudy ,   i s   the   ca lc ium 'So +-+ 3Pl (657 nm) 
t r a n s i t i o n   w h l c h  has a 410 Hz na tu ra l   l i new id th .  
We will d iscuss   t he   t heo ry   o f   sa tu ra ted   abso rp t i on  
o p t i c a l  Ramsey f r i n g e s  and t h e   d i s t i n c t  advantages 
o f   t h i s  method i n  comparison to   the   usua l   sa tura ted  
absorpt ion  techniques. We will rev iew  the  exper i -  
mental neon r e s u l t s  and p r e s e n t   t h e   i n i t i a l   r e s u l t s  
o f   ou r   ca l c ium  s tud ies .  

I n t r o d u c t i o n  

C lass i ca l  and  quantum i n t e r f e r e n c e  has  proven 
t o  be  an impor tan t ,   p roduc t ive   source   o f   in fo rmat ion  
i n  many areas o f   phys i cs .  Examples i n   o p t i c a l  
phys i cs   i nc lude   l i gh t - l i gh t   i n te r fe rence ,   such  as 
m u l t i p l e   s l i t   i n t e r f e r e n c e ,  and l ight -quantum 
system  interference,  such as  quantum  beat  spectros- 
copy or   coherent   t rans ien t   o tp ica l   spec t roscopy .  
I n   t ha t   wh ich   f o l l ows  we d i s c u s s   t h e   r e s u l t s  and 
some o f   t h e   p o s s i b l e  uses o f   t h e   l a t e s t ,   n o v e l   o p t i -  
c a l   i n t e  f r nce  experiment - o p t i c a l  Ramsey 
f r i nges .  The imnediate  importance o f   t h i s  
technique owes t o   t h e  improvement i n   spec t roscop ic  
reso lu t ion .   In   add i t ion   the   space- t ime  separa t ion  
o f   s y s t e m - f i e l d   i n t e r a c t i o n s   s h o u l d   a l l o w   q u a n t i -  
t a t i v e   e x p e r i m e n t a l   v e r i f i c a t i o n   o f   d i f f e r e n t  
theore t ica l   concepts .  

I n i t i a l   c o n c e p t u a l  and experimental  develop- 
ment o f   separa ted   space- t ime  in te rac t ion   o f  quan- 
tum system wi th  f i e l d  was done by Ramsey' w i th  
microwave  sources. The in te r fe rence,   wh ich   re -  
s u l t e d  when a beam o f   abso rbe rs   i n te rac ted  wi th two 
s p a t i a l l y   s e p a r a t e d   r a d i a t i o n   f i e l d s ,   p r o d u c e d   l i n e  
narrowing. The s t r a i g h t f o r w a r d   e x t e n s i o n   o f   t h i s  
method t o   o p t i c a l   f r e q u e n c i e s  was n o t   f e a s i b l e  due 

to  the  very  shqr5  opt ical   wavelengths.   Baklanov 
and  co-workers ' proposed  three  equal ly  spaced 
r a d i a t i o n  zones  as  an e x p e r i m e n t a l l y   p r a c t i c a l  way 
t o  p roduce   t he   op t i ca l   i n te r fe rence   ana log   o f  
Ramsey's microwave  exper iment.   This  theoget ical  
concept was fur ther   developed by C .  Borde t o   i n -  
c l u d e   r e a l i s t i c  beam geometries and the  importance 
and e f f e c t   o f   t h e   r e l a t i v e   r a d i a t i o n  phases. A 
natura l   ex tens ion   o f   Borde and c o l l e a g u e s '   e a r l i e r  
comprehen ive   s tudy   o f   the   sa tura ted   absorp t ion  
l i n e s h a p e   p e r m i t s   t h e   c o r r e c t   p r e d i c t i o n   o f  
sa tu ra ted   abso rp t i on   ' i n te r fe rence '   l i neshape  
and a p o s s i b l e   i n t e r p r e t a t i o n   o f   t h e   p h y s i c a l  
process. 
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Theoret ical   Concepts 

i n  most  spectroscopy  experiments,  the  radiat ion 
f i e l d   e x t e n d s  more o r   l ess   un i fo rm ly   t h roughou t   t he  
volume in   wh ich  move the  absorbers  to  be s tud ied.  
Ramsey3  was t h e   f i r s t   t o   p o i n t   o u t   t h a t   t h i s  may 
n o t  be  the  most  advantageous  method to   app ly   t he  
o s c i l l a t i n g   d r i v i n g   f i e l d ;   t h a t   u s e f u l   a b s o r p t i o n  
p r o f i l e s   c o u l d  be obta ined i f  the   ampl i tude and 
phase o f   t h e   r a d i a t i o n   f i e l d  were  non-uniform 
t h r o u g h o u t   t h i s   r e g i o n .   P a r t i c u l a r l y   u s e f u l   i s  
the  arrangement  that  would  allow  independent 
phase e v o l u t i o n   o f   o s c i l l a t i o n   o f  quantum  system 
and r a d i a t i o n   f i e l d  between i n t e r a c t i o n s   w i t h  
t h e   d r i v i n g   r a d i a t i o n   f i e l d .  One can  imagine 
var ious  exper imenta l  schemes which  would  produce 
t h i s   e f f e c t   o f   f i e l d  o f f ,  f i e l d  on, f i e l d   o f f  ... 
Simplest,  perhaps, i s  a beam o f  quantum  absorbers 
i n t e r c e p t i n g   s p a t i a l l y   s e p a r a t e d   r a d i a t i o n   f i e l d s .  
That   th is   wou ld   p rov ide   h igh   reso lu t io r?   in fo rma-  
t i on   abou t   t he   ene rgy   l eve l s   o f   t he   abso rbe r   i s  
p robab ly   no t   immedia te ly   c lear .  However, us ing 
p e r t u r b a t i o n   t h e o r y ,   o r   F o u r i e r   a n a l y s i s ,   t o   c a l -  
cu la te   the   l ineshape  wh ich   resu l ts   f rom an absor- 
b e r ' s   i n t e r a c t i o n  wi th  spa t ia l l y   separa ted   rad ia -  
t i o n  zones ( i n   a c t u a l i t y ,  space separa t ion   on ly  
serves  to  produce  temporally  separated,  independ- 
e n t   i n t e r a c t i o n s   o f   a b s o r b e r  and f i e l d ) ,   g i v e s  an 
a b s o r p t i o n   p r o f i l e  dependent  on  the  absorber's 
na tu ra l   t r ans i t i on   f requency  wi th  spec t ra l   w id th  
determined  by  the  t ime  between  the  rad iat ion 
reg ions,   ra ther   than  the  t rans i t   t ime  through  each 
reg ion.  To b e t t e r  see t h i s ,  we no te   t ha t   t he  
i n t e r a c t i o n   o f   a b s o r b e r  and f i e l d   i n   t h e   f i r s t  
r a d i a t i o n  beam produces a coherent  superposi t ion  of  
upper   and  lower   s ta tes.   Th is   resul ts   in  a d i p o l e  
wh ich   osc i l l a tes   a t   t he   na tu ra l   resonance  
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frequency i n   t h e   f i e l d   f r e e   r e g i o n  between  the 
r a d i a t i o n  zones. The e f f e c t   o f   t h e  second l i g h t  
f i e l d  depends  on the phase o f   t h e   r a d i a t i o n   r e l a -  
t i v e   t o   t h e   a b s o r b e r ' s   o s c i l l a t i o n s ,  so t h a t   t h e  
absorbers   pass ing   th rough  th is   f ie ld  will e i t h e r  
be fu r the r   exc i ted   o r   re tu rned   t o   t he   g round   s ta te  
by s t imulated  emiss ion.  By these  arguments, i t  i s  
c l e a r   t h a t   t h e  quantum absorp t i on   t rans i t i on   p ro -  
b a b i l i t y  i s  dependent  not  only on the  f requency  o f  
t h e   d r i v i n g   f i e l d   b u t   a l s o   o n   t h e  phase e v o l u t i o n  
d i f f e r e n c e   o f  quantum  system  and f i e l d  between 
zones.  The  phase e v o l u t i o n   d i f f e r e n c e   i s   p r o p o r -  
t i o n a l   t o   t h e   i n t e r z o n e   t r a n s i t   t i m e .  

As ment ioned,  the  extension  of  Ramsey's 
s p a t i a l l y   s e p a r a t e d   r a d i a t i o n   f i e l d  method from 
microwave t o   o p t i c a l   f r e q u e n c i e s  meets w i t h   d i f f i -  
c u l t i e s   r e l a t e d   t o   t h e   s h o r t n e s s   o f   t h e   w a v e l e n g t h  
i n  comparison  wi th  the  d imensions  of   the  inter-  
ac t ion   reg ion .  Even i n  a we l l   co l l ima ted   a tomic  
beam, the re  will remain a sma l l   bu t   f i n i t e   sp read  
o f   t r a n s v e r s e   v e l o c i t i e s .   T h i s  means a spread o f  
abso rbe r   ve loc i t y   p ro jec t i ons  on t h e   d i r e c t i o n   o f  
l i g h t  wave propogation. A t  op t i ca l   f r equenc ies ,  
t hese   p ro jec ted   ve loc i t i es   g i ve   r i se   t o   impor tan t  
Doppler   f requency  sh i f ts   which  serve  to  'wash o u t '  
t he  Ramsey i n t e r f e r e n c e   f r i n g e s .  To bet ter   appre-  
c ia te   t he   re levance   o f   t hese   e f fec ts ,   cons ide r  a 
beam o f  quantum  absorbers  crossing a t ransverse 
l ase r  beam o f   w a i s t   s i z e  W . Near perpendicu lar  
incidence  there i s  a na r rog   angu la r   s l i ce ,  
60  - h/3w , within  which  the  absorbers  exper ience 
a progresgive phase s h i f t  L n / 2 .  Tha t   i s ,   f o r  
a b s o r b e r s   w i t h i n   t h i s   s l i c e ,   t h e   t r a n s i t   t i m e  
broadening  exceeds  the  residual  Doppler  broadening. 
Adding a second o p t i c a l   i n t e r a c t i o n  zone a d i s tance  
L downstream  does n o t   l e a d   t o  Ramsey f r i nges   s ince  
a n g u l a r   s l i c e   d e f i n e d   b y   t h e   f i r s t   i n t e r a c t i o n  maps 
i n t o  a large  spat ia l   extens ion,   Az=L*68 - LX/3w0, 
a t   t h e  second beam. T h i s   r e s u l t s   i n  a s p a t i a l  
averaging o f   t h e  Ramsey e f f e c t   s i n c e   t h e  quantum 
systems w i t h   t h e  same i n t e r z o n e   t r a n s i t   t i m e  phase 
evo lu t i on   exper ience   d i f f e ren t  phases o f   t h e  second 
d r i v i n g   f i e l d  dependent  on t h e i r   s p a t i a l   e n t r y  
p o s i t i o n   i n t o   t h e  second  zone. 

Baklanov and his  col leagues4'*   proposed  non- 
l inear ,   sa tu ra t ion   spec t roscopy  & three   equa l l y  
spaced i n t e r a c t i o n  zones as a poss ib le  method 
to   c i rcumvent   the  above  descr ibed  spat ia l  modu- 
l a t i o n   e f f e c t s  and recover   the   op t ica l  Jamsey 
in te r fe rence  f r inges .   Bergqu is t   e t .a l .   d iscuss  
ed sa tu ra t i on   spec t roscopy   w i th   f ou r   spa t i a l l y  
separa ted   in te rac t ion  zones as a way t o   b e t t e r  
see t h e   p h y s i c a l   e f f e c t s  and,  most impor tan t l y ,  
t o   a p p r e c i a t e   t h e   s y s t e m - f i e l d   p h a s e   r e l a t i o n -  
ships. As will be  apparent  f rom  the  fo l lowing 
rev iew   o f   t ha t   d i scuss ion ,   t he   phys i cs   re levan t  
t o   t he   unders tand ing   o f   t he   i n te r fe rence   f r i nges  
i s  the same f o r   b o t h   t h e  3-201113 and  4-zone 
cases. 

Satura t ion   spec t roscopy   i s   essent ia l l y  a 
two  step  process --  s e l e c t i o n   o f  one v e l o c i t y  

group of   absorbers,   fo l lowed  by a ' p r o b e '   o f   t h i s  
group.  Associated  with  each  process  are  two  t ime 
ordered  sys tem- f ie ld   in te rac t ion   p rocesses ;   the  
f i r s t   i n t e r a c t i o n  produces a coherent  superposi- 
t i o n   o f  upper  and  lower  states,  i.e., a d i p o l e  
(or o f f  d iagonal   matr ix  e lement,  p,. ) ;  the  
second i n t e r a c t i o n   g i v e s  a correspon8ing  popula- 
t i o n  (or diagonal  matr ix  element, p Each 
i n t e r a c t i o n   i s  dependent  on  the  ampyltude and 
phase o f  t h e   r a d i a t i o n   f i e l d   a t   t h e   i n t e r a c t i o n  
po in t ,   wh ich   g ives  a c o r r e s p o n d i n g   d r i v i n g   f i e l d  
phase  dependence t o   t h e  quantum  system. 

Consider,  then, a quantum absorber ls  seq- 
u e n t i a l   i n t e r a c t i o n s   a t  space t ime  po in ts  z., t .  
w i t h   f o u r   s p a t i a l l y   s e p a r a t e d   m u t u a l l y   p a r a l l e l J  
running wave f i e l d s ,   w i t h  one i n t e r a c t i o n   p e r  
r a d i a t i o n   f i e l d  (and  where ? . l l G ) .  For s i m p l i c i t y  
in   the   p resent   d iscuss ion ,  wd assume the  running 
waves t o  be p lane waves. Thus, a t   t h e s e   i n t e r a c t i o n  
p o i n t s ,   t h e   f i e l d s  may be represented as 

+ i (ut . t k z  + @j) 
E; = E.e 

J J 
~j + C.C. 

where E- i s  used f o r   t h e   f i r s t   p a i r   o f   i n t e r a c t i o n  
and E: ' f o r   t h e  second p a i r .  In t he  absence o f  
c o l l i d i o n s ,   t h e  space t ime   po in ts   a re   re la ted  by 
the   abso rbe r l s   ve loc i t y  and v e l o c i t y   p r o j e c t i o n  
o n t o   t h e   r a d i a t i o n   a x i s .  Between r a d i a t i o n  zones, 
the  d ipo le  prepared by the f i r s t  and t h i r d   i n t e r -  
ac t i ons  will precess  at   the  natural   resonance  f re-  
quency W and decay w i t h  a d i p o l e  decay r a t e  y' 
In   the  ig terzone space  between the second  and 

aa * 
t h i r d   r a d i a t i o n   f i e l d s ,   t h e   p r e p a r e d   p o p u l a t i o n  will 
decay ,   w i th   popu la t ion  decay r a t e  
y Assuming the   in te rzone  d is tances   to  be L, 
a e ' a n d  bL ,   respec t ive ly ,   leads   to   the   fo l low ing  
express ion   fo r   the   to ta l   phase,  @T, of  the 
Ramsey S i gna 1 : 

Detuning Phase Cavi ty  Phase 

D i po 1 e Decay Populat ion Decay 

-ikvZL/,,(b-l) 
xe 

Doppler Phase 

Since v i s   n o t   e q u a l   t o  zero,  even f o r   w e l l  
co l  1 imafed beams, b # 1 produces a vz-space 
(or equiva lent ly   z-space)   modulat ion  o f   the 
Ramsey s i g n a l .  Thus,  Doppler v e l o c i t y ,  v , 
i n t e g r a t i o n  will average  the Ramsey s igna f  
t o   z e r o   f o r  b # 1 (and L/w, 2 - 2 ) .  We can  see, 
however, tha t   the  Ramsey slgnals  would be observ- 
ab le  as a f u n c t i o n   o f   d e t u n i n g  (u-w,) f o r   b = l ,  
t h a t   i s ,  when the   d ipo le   f ree   p recess ion   d i s -  
tances  are  equal. I t  i s   a l s o   c l e a r   t h a t   t h e  
spec t ra l   reso lu t ion   i s   no t   improved by the  
second in terzone  separat ion aL.  Indeed,  the 
Ramsey s igna l  can be on ly   a t tenuated  by the 
populat ion decay f o r  a # 0. I f  we se t  a=O, 
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the  three zone  geometry  discussed  by  Baklanov i s  
recovered.   S ince  the  d ipo le  f ree  precess ion  d is-  
tances  must be equal, two i n t e r a c t i o n s  must occur 
i n   t h e   c e n t r a l   r a d i a t i o n  zone. 

The above  arguments,  which  lead  to  the  re- 
quirement o f   t h r e e   e q u a l l y  spaced  zones (or 4 ,  w i t h  
the   p rov iso   tha t   the   d ipo le   p recess ion   d is tances  be 
e q u a l )   i n   o r d e r   t o   b e n e f i t   f r o m  Ramsey i n t e r f e r -  
ence a t   op t ica l   f requenc ies ,   shou ld  be o n l y  
p a r t i a l l y   p e r s u a s i v e .  The choice o f   t h e   d i r e c t i o n s  
o f  each  running wave f i e l d   i s   n o t   a r b i t r a r y ,   b u t  
t o   t h i s   p o i n t  we have  not shown why. That  the 
f r i n g e s   a r i s e   o n l y   f o r   t h e  case o f  two  'separated' 
i n t e r a c t i o n s   w i t h   p a r a l l e l   r u n n i n g  beams fo l l owed  
by  two  separated  interactions wi th  o p p o s i t e l y  
runn i ng beams, can  be  quanti t a t  i v e l  y understood 
w i t h   d e n s i t y   m a t r i x   f o r m a l s i m .   B r i e f l y   s t a t e d ,   i n  
t h e   r o t a t i n g  wave approximation,  only  those  terms 
in   wh ich   the   a tomic  and f i e l d   ' p h a s o r s '   r o t a t e  
together   are  kept .  Thus,  each p a i r   o f   i n t e r a c t i o n s ,  
popu la t i on   t o   d ipo le ,   d ipo le   t o   popu la t i on ,   wh ich  
c o n t r i b u t e s   t o   t h e   a b s o r p t i o n   s i g n a l ,  must occur 
w i t h   p a r a l l e l   r u n n i n g  waves w i t h   b u t  one  choice 
f o r   t h e   s i g n   o f   t h e   f r e q u e n c y   o f   t h e   d r i v i n g   f i e l d .  
A d d i t i o n a l l y ,   t o   o b t a i n   t h e   l i n e   n a r r o w i n g   a f f o r d -  
ed  by nonl inear   saturated  absorpt ion,   the  probe 
p rocess   i n te rac t i ons   occu r   i n   pa ra l l e l   runn ing  
waves, w h i c h   a r e   a n t i p a r a l l e l   t o   t h e   f i r s t  two 
running waves. 

We no te   t ha t ,   i n   genera l ,   t he   op t i ca l  Ramsey 
f r i n g e s  will be-d ise lacgd  dye  to   the  cav i ty  phase 
factor ,   exp  i (4+-$3 +$2 - $ l  1, which  invo lves  the 
f i x e d  phases o f   t h e   f o u r   f i e l d s .  I f ,  instead,  we 
use a fo lded  s tand ing  wave, w i t h   e q u a l   i n t e n s i t y  
in   the   counter runn ing  beams, then we have a 
second c o n t r i b u t i o n   t o   t h e  power abso rp t i on  
s igna l   where   the   f ie ld  phase f a c t o r   i s   t h e  
complex  conjugate o f   t h e   f i r s t   c o n t r i b u t i o n ,   i . e . ,  

Thus, the  asymmetric or  s h i f t e d   p a r t   o f  each c o n t r i -  
b u t i o n  will cancel. I t  i s  t o  be understood  that  
t h i s   i s   s t r i c t l y   t r u e   o n l y  i f  the  counterrunning 
beam 'n tens i t i es   a re   equa l .  More p r e c i s e l y ,  
BordC has c a l c u l a t e d   t h e   p u r e l y   o s c i l l a t i n g  
p a r t   o f   t h e  power absorp t ion   l ineshape f o r  the 
special   case o f  t h r e e   e q u a l l y  spaced,  Gaussian, 
s tanding wave r a d i a t i o n  beams, w i th   equa l   re laxa-  
t i on   cons tan ts ,  y = y , and w i th   equa l  beam wa is t s  
wi = wo, and foun8   tha t   t he   f r i nges   a re   p ropor -  
t l ona l   t o   t he   ana ly t i c   exp ress ion  

8 

The above  fo rmal   so lu t ion   s im i la r ly   de termines  
t h a t   f o r   s t a n d i n g  waves composed o f  equal   in ten-  
s i t y   c o u n t e r r u n n i n g  beams, the  asymmetric  con- 
t r i b u t i o n s   c a n c e l   w i t h   t h e   r e s u l t   t h a t   t h e  
f r i n g e   p a t t e r n   i s   s y m m e t r i c a l   f o r   a l l   v a l u e s  
o f   t h e   s p a t i a l   f i e l d  phases.  Only  the  intensi ty 
o f   t h e  Ramsey p a t t e r n  will have a cosine depend- 
ence  on t h e   v a l u e   o f   t h e   n e t   f i e l d  phase.  This i s  
an impor tant   observat ion  both  for   spect roscopy 
a p p l i c a t i o n s  and for  frequency  standards  work. 

Experimental  Results 

I n i t i a l   e x p e r i m e n t a l   i n v e s t i g a t i o n s   o f   p t i c a l  
Ramsey f r inges  were done by  one o f  us (JCB) l8 w i t h  
a p rec i s ion   f requency   con t ro l l ed   i n f ra red   spec t ro -  
meter  and  methane as the quantum  absorber.  This 
work was qu ick l y   f o l l owed  by i n v e s t i g a t i o n s  by 
Bergquis t ,  Lee and  Hal I ,  , ; g  ' t h e   v i s i b l e   w i t h  neon 
as the quantum absorber. 

The  Ne exper imenta l   se tup   fo r   the   de tec t ion   o f  
Ramsey f r i n g e s   i n   t h e   v j a i b l e  i s  summarized 
e l o  A f a s t   ( v / c  -10 ) beam o f   metas tab le  

'5 "Ne atoms was e f f i c i q n t l y  produced by charge 
exzhange o f  a 5-50 keV Ne  beam focused  through 
a Na oven.  This  metastable  atomic beam sequent i -  
a l l y   i n t e r a c t e d   w i t h   t h r e e   s p a t i a l l y - s e p a r a t e d ,  
standing-wave l i g h t  beams f rom  the   s ing le  mode 
probe-dye  laser. The dye  laser was frequency 
s t a b i l i z e d   t o  a t u n a b l e   t r a n s f e r   c a v i t y .  The 
common s p a t i a l   s e p a r a t i o n   o f   t h e   l i g h t   f i e l d s  
was - 5mm w h i l e   t h e   d i p o l e  decay l e n g t h   f o r  a 
t y p i c a l  beam,energ$ o f  20 KeV  was - 16mm. The 
588 nm,  Ne, S + P2, t r ans i t i on   was2exc i t yd ,  
and the f l  uorezcence  emission o f   t h e  P2 -+ S2 
a t  660 nm was de tec ted   w i th   exce l l en t  
s i g n a l - t o - n o i s e   r a t i o   i t h  an a p p r o p r i a t e l y   f i l t e r -  
ed p h o t o m u l t i p l i e r .  "Ne, having  zero  nuclear  spin,  
i s  f r ee   o f   hype r f i ne   s t ruc tu re ,   wh ich   a l l owed  a 
c l e a r   i n t e r p r e t a t i o n   o f   t h e   r e s u l t s .  

The exper imenta l l y   observed  f luorescent   p ro-  
f i l e s   a r e   r e p r o d u c e d   i n   F i g .  1 .  Curve a shows 
most o f   t h e  beam Doppler p r o f i l e ,   t h e   s a t u r a t e d  
abso rp t i on   d ip ,  and t h e   f r i n g e s  due to   the   a tom's  
i n t e r a c t i o n   w i t h   t h r e e   e q u a l l y  spaced  standing-wave 
r a d i a t i o n  zones.  In  the  inset,  we compare the 
s i g n a l s   o f  two d i f f e r e n t   l i g h t  beam geometries. 
Curve b i s   t h e   f l u o r e s c e n t   p r o f i l e   p r o d u c e d  when 
the Ne  beam i n t e r a c t s   w i t h   o n l y  two s tanding waves. 
Consis tent   wi th   the  theoret ica l   ideas  d iscussed 

w i t h  two  separa ted   rad ia t ion   f ie lds .  Curve c shows 
t h e   e m i s s i o n   p r o f i l e  when the  atomic beam i n t e r -  
a c t s   w i t h   t h r e e   e q u a l l y  spaced standing waves;  one 
eas i l y   obse rves   t he   op t i ca l  Ramsey f r i nges .   The i r  
form  appears t o  be e s s e n t i a l l y  a c o s i n e   m u l t i p l i e d  
by the  saturated  absorpt ion  envelope  which  theory 
p r e d i c t e d   f o r  a s i n g l e  v ve loc i t y   c lass .   Ad jacen t  
f r i nge   separa t i ons ,  AV,  were  measured as a func t i on  
of   atomic beam v e l o c i t y ,   v ,  and interzone  separa- 
t i o n ,  L .  The expec ted   re la t i on  

AV = v/2L, was v e r i f i e d   t o   w i t h i n  

' e a r l i e r ,  no f r i n g e s   r e s u l t  due t o  t h e   i n t e r a c t i o n  
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Wi th   the  enormous  improvement i n   t he   reduc -  
t i o n   o f   t r a n s i t   t i m e   b r o a d e n i n g   a f f o r d e d  by the  
o p t i c a l  Ramsey technique i t  was d e s i r a b l e   t o   i n -  
ves t iga te   long- l i ved   a tomic   absorbers .   Th is   task  
was undertaken,  not   only a s  a p r e c i s i o n  measure- 
ment exper iment ,   bu t   a lso   to   de termine   the   feas i -  
b i l i t y   o f   t h e   o p t i c a l  Ramsey f r i n g e  method a s  a 
visible  frequency/wavelength  standard.  Subsequent- 
{ y  we hose t o   s t u d y   c a l c i u m ,   i n   p a r t i c u l 7 y   t h e  

So - 'P i n t e r c o m   i n a t i o n   l i n e   a t  657 nm . The 
p r o m i n e n t   f e a t u r e s   o f   t h i s   t r a n s i t i o n   i n c l u d e  no 
h y p e r f i n e   s t r u c t u r e ,  a non-degenerate  ground  state, 
and a l o n g   l i f e t i m e  (.39 ms). Th is   g ives  a n a t u r a l  
l i n e w i d t h   o f  410 Hf20r an u l t i m a t e   f r a c t i o n a l  
l i n e w i d t h   o f  l ~ ] ?  (w i th   expec ted   rep roduc ib i l i -  
t y   accuracy  10 ) ! 

!! 

Figure 2 i s  a b lock   d iagram  representa t ion   o f  
the  experimental  setup. A Ca atomic beam, from a 
r e s i s t i v e l y   h e a t e d  oven ,   sequen t ia l l y   i n te rac ts  
w i t h   t h r e e   s p a t i a l l y   s e p a r a t e d   s t a n d i n g  wave l i g h t  
beams from a s i n g l e  mode dye  laser.  The dye l a s e r  
was frequency  locked to an a f $ i v e l y   s t a b i l i z e d  
and tunab le   t rans fe r   cav i t y .  The servoed  in- 
s tan taneous   l i new id th   o f   ou r   l ase r   i s   l ess   t han  
750 Hz ( D C , f r i f t s  on a r e s o l u t i o n   s c a l e  o f  a few 
p a r t   i n  10 remain an e x p e r i y y t a l   d i f f i c u l t y  
f o r   t h i s   s t y l e   s p e c t r o m e t e r ) .  The common s p a t i a l  
s e p a r a t i o n   o f   t h e   l i g h t   f i e l d s   i s   v a r i a b l e   f r o m  
0 t o  - 2 cm. P e r t u r b a t i o n s   o f   t h e   l i n e  shape by 
ex t raneous  magnet ic   f ie lds   a re   e l im ina ted  by us ing 
a f i e l d   o f  2-3x104 Tesla  (a few Gauss) i n   t h e  
i n t e r a c t i o n   r e g i o n .   T h i s   s p l i t s   t h e  Am. = + l  
components away from  the  observed A m .  ='O component, 
which has  no f i r s t   o r d e r  Zeeman e f f & t  and whose 
second o r d e r   s h i f t   i s   o n l y   a b o u t  10 Hz/ 2 ( 1 H ~ / ~ 2 ) .  
The s i g n a l   i s  o ta ined  by obse rv ing   t he   r l uo res -  
cence  from  the 'P s t a t e  downstream  from  the 
i n te rac t i on   reg ion .   Cur ren t l y  we use a f i v e  cm 
d iameter   cathode  photomul t ip l ier   located  approx-  
imate ly  20 cm downstream  and i n   c l o s e   p r o x i m i t y  
to   t he   ca l c ium beam. W i t h   t h i s   d e t e c t i o n  scheme, 
we es t ima te   t ha t  we c o l l e c t   a b o u t  one percent  of  
the  emitted  photons;  even so, use fu l  S/N r a t i o s  
are  obtained. More e f f i c i y q t   f l u o r e s c e n c e   d e t e c -  
t i o n  systems  are  possible.  Remember t h a t  sym- 
m e t r i c   f r i n g e s   r e s u l t  i f  the  counterrunning beam 
i n t e n s i t i e s   a r e   e q u a l  o r  i f  t h e   n e t   f i e l d  phase i s  
zero. The l a s t   c o n d i t i o n   i s   s a t i s f i e d  when the 
s p a t i a l  phases i n   t h e   t h r e e  zones are  such  that  
they  appear  to be  samples o f  a l a rge   p lana r  wave 
f r o n t .   T h i s   c o n d i t i o n   i s   i n t r i n s i c a l l y   p r o v i d e d  
by t h e   o p p o s i t i o n   o f  two c o r r e c t l y   f o c u s e d   c a t ' s -  
eye r e t r o r e f l e c t o r s   ( t o   h e l p   v i s u a l i z e   t h i s   p r o -  
per ly,   imagine a p o i n t   l i g h t   s o u r c e   a t   t h e   f o c u s  
o f  an achromatic  lens -- the image i s  a plane  wave). 
I n   t he   exper imen t ,   t he   ca t ' s -eye   re t ro re f l ec to rs  
were co r rec t l y   f ocused   us ing  an a u x i l i a r y   i n t e r -  
ferometer. 

1 

A r e p r e s e n t a t i v e   d e r i v a t i v e   f l u o r e s c e n t   p r o -  
r .  I 

: 1 2  (phase s e n s i t i v e   d e t e c t i o n )   o f   t h e   t h r e e  zone 
o p t i c a l   h m s e y   f r i n g e s   i n   c a l c i u m   i s  shown i n   F i g .  
3 .  The c o m o n   r a d i a t i o n  zone s e p a r a t i o n   i n   t h i s  

case was - 2.2 mm, w i t h  a r a d i a t i o n   s p o t   s i z e   o f  
-. 1 m. the power o f   t h e   i n p u t   r a d i a t i o n  beam 
was approximately 1 m W. The observed  l inewid th  
i s   approx imate ly  100 kHz. We have  seen l i n e w i d t h s  
as narrow as 50 kHz and expect soon to   eso lve   t he  
r e c o i l   d o u b l e t   s t r u c t u r e   o f   t h i s   l i n e .  15 

Conclusion 

To summarize, o p t i c a l  Ramsey i n t e r f e r e n c e  
f r i n g e s   w i t h   s p a t i a l l y   s e p a r a t e d   l i g h t  beams and 
non l inear   absorp t ion  have  been observed. An 
o u t l i n e   o f  a phase evolut ion  argument has  been 
p resen ted   i n   o rde r   t o   be t te r   unders tand   t he  
phys i ca l   p rocess   o f  Ramsey i n t e r f e r e n c e   f r i n g e s .  
The f r i n g e s  can be highly  symmetr ic 
i f  one  uses i n t e r f e r o m e t r i c   q u a l i t y   c a t ' s - e y e  
re t ro re f l ec to rs   and /o r   equa l   i n tens i t y   coun te r -  
r u n n i n g   l i g h t  beams. We r e i t e r a t e   t h a t   t h i s  
method pe rm i t s   l i ne   na r row ing   w i thou t   t he  de- 
g r a d a t i o n   o f   s i g n a l   t o   n o i s e   i n h e r e n t   i n   t h e  
usual   (s ing le  rad iat ion  zone)   saturated  absorpt ion 
spec t roscopy .   Add i t iona l l y  power broadening 
and/or   sh i f t   can  be min imized.   Wi th   th is   impor t -  
ant  advantage o f   h i g h   c o n t r a s t  and a very  sharp 
spec t ra l   f ea tu re ,  we have  demonstrated  the  possi- 
b i l i t i e s   o f   s i g n i f i c a n t  improvement i n   o p t i c a l  
spectroscopy and f requency  metro logy.   F ina l ly ,  
the Ramsey nethod  promises  to be o f   s i g n i f i c a n c e  
f o r   t h e   f u l l   r e a l i z a t i o n   o f   c a l c i u m  as a f r e -  
quency/wavelength  standard. 
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FIGURE 1. Fluorescence   s igna l s .   Curve  a ,  most  of 
beam D o p p l e r   p r o f i l e   ( f u l l   w i d t h   a s   h a l f -  
maximum of 1 . 4 1  GHz) showing   s a tu ra t ion  
d i p   a n d  Ramsey f r inges ,   v=19 .5  kV. Fr inge  
c o n t r a s t -  3.8%. Curve b ,  s a t u r a t i o n   d t p  
observed  with two separa ted   l aser   beams,  
v = 19.5 kV. Curve c ,   s a t u r a t i o n   d i p  
and Ramsey f r i n g e s   o b s e r v e d   w i t h   t h r e e  
equal ly   spaced   laser   beams,  v = 35 kV. 

tg- 650  kHz -4 
FIGURE 3.  Deriva t ive   spec t rum of Ca atomic beam 

Ramsey f r i n g e s  . 
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